In recent years, many studies have focused on the effect of oxidative stress, reactive oxygen species (ROS) and antioxidants on the male eproductive system. Under physiological conditions, sperm produces small amounts of ROS, which are needed for fertilisation, acrosome reaction and capacitation. However, if an increased production of ROS is not associated with a similar increase in scavenging systems, peroxidative damage of the sperm plasma membrane and loss of DNA integrity typically occur, which leads to cell death and reduced fertility. Furthermore, since there is no linear correlation between sperm quality and pregnancy rates, an improvement in semen parameters should not be the sole outcome considered in studies of antioxidant therapies. A definitive conclusion regarding the benefit of these therapies is difficult to obtain, as most of the previous studies lacked control groups, considered different antioxidants in different combinations and doses, or did not evaluate pregnancy rates in previously infertile couples. Even if beneficial effects were reported in a few cases of male infertility, more multicentre, double-blind studies performed with the same criteria are necessary for an increased understanding of the effects of various antioxidants on fertility.
INTRODUCTION
Almost 15% of all couples trying to conceive are affected by infertility, and in almost half of these cases male infertility is the sole or a contributing factor.
1 Male infertility can have several causes. The most common is idiopathic oligoasthenoteratozoospermia (OAT), 2 which is a condition in which sperm concentration, the proportion of morphologically normal sperm and the proportion of motile sperm are all lower than the World Health Organization reference values. 3 Despite extensive research, a successful treatment for OAT has not yet been developed. Many recent studies have focused on oxidative stress and its possible role in the pathogenesis of male infertility; in physiological conditions, small amounts of reactive oxygen species (ROS) are produced by spermatozoa, and various scavengers act to reduce the concentration of these ROS in the seminal plasma. ROS are needed for capacitation, the acrosome reaction and ultimately fertilisation. 4 However, excessive production and/or reduced clearance lead to oxidative stress within sperm, resulting in DNA damage, 5, 6 reduced motility 7 and defective membrane integrity. 8, 9 Antioxidants may help maintain the balance between ROS production and clearance and could thus improve sperm quality. Observational studies have also found a lower frequency of sperm aneuploidy in men with a higher dietary intake of antioxidants than in those with a lower intake. 10, 11 Increased ROS production by leukocytes seems to be a direct consequence of inflammatory processes or of vascular diseases leading to hypoxia or ischaemia, with varicocele playing a significant role. [12] [13] [14] [15] It should also be stressed that immature teratozoospermic forms produce relatively more ROS than normal, mature sperm 16 and that semen from fertile men has a more effective antioxidant capacity than that from infertile men. 11, 13 Identifying and treating the cause of increased ROS production should be the first step for all infertile male patients; antioxidant supplementation could be useful in increasing the scavenging capacity of seminal plasma, but would not treat the underlying condition that causes the reduced fertility.
The presence of too many variables in most studies that focus on antioxidants and male infertility has also led to controversy, [17] [18] [19] not only because the authors have used different antioxidants, different combinations and different doses in patients with differing characteristics, but also because of the different end points evaluated in their studies. An improvement in sperm quality does not always translate into clinical benefit. Even if a few selected studies have shown that antioxidants have a positive effect on sperm characteristics, there still seems to be no definitive evidence that this therapy leads to higher pregnancy rates.
literature. Given the different antioxidants used (both alone and in combination), the different dosages, the in vivo or in vitro methodology and the different study end points, the following discussion should be considered alongside the data reported in Table 1 .
All studies were chosen on the basis of their quality; studies that were biased, incomplete or otherwise considered untrustworthy were excluded.
RESULTS

Vitamin E
Vitamin E, a major chain breaking antioxidant in membranes, has been evaluated in numerous studies (Table 1) . Only four of these studies [28] [29] [30] [31] found little or no effect on semen parameters, whereas beneficial effects were reported in the remaining 18 studies. 8, 19, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] In vitro studies. Two studies by Aitken et al. 8, 32 on the effects of vitamin E showed that 10 mmol l 21 suppressed lipid peroxidation, leading to preserved motility in vitro, with a dose-dependent effect. Askari et al. 33 reported the effect of vitamin E (10 mmol l
21
) in combination with cryoprotectants in preserving sperm motility during thawing procedures. In fact, oxidative stress from cryopreservation is commonly associated with a dramatic decrease in sperm motility, 48, 49 and vitamin E seems to be capable of preserving sperm motility more than cryoprotectants alone.
Hughes et al. 38 noted the importance of vitamins C (300-600 mmol l 21 ) and E (30-60 mmol l 21 ) in preserving sperm DNA integrity in Percoll preparations; however, this combination has produced contrasting results with exacerbated DNA damage, which is likely due to pro-oxidant effects.
Twigg et al. 19 found that an in vitro dose of 1 mmol l 21 of vitamin E had no effect on lipid peroxidation induced by nicotinamide adenine dinucleotide phosphate. Thus, it is possible that the effectiveness of vitamin E and other antioxidants on lipid peroxidation depends on the source of oxidative stress.
In 1999, Donnelly et al. 39, 40 observed reduced H 2 O 2 -induced ROS production and DNA damage after the addition of both vitamin C (300 and 600 mmol l 21 ) and vitamin E (40 and 60 mmol l 21 ) to normozoospermic and asthenozoospermic samples. In 2002, Sierens et al. 42 observed similar results after the addition of 1-100 mmol l 21 of vitamin E and 100-200 mmol l 21 of vitamin C, both able to reduce DNA damage induced by H 2 O 2 in vitro.
In vivo studies. In 1996, Suleiman et al. 36 conducted a randomized, double-blind, controlled trial on 110 asthenozoospermic subjects in which the administration of 300 mg day 21 of vitamin E for 6 months led to reduced lipid peroxidation, a significant increase in motility and, most importantly, a significantly improved pregnancy rate, with no increase in the control group. Also in 1996, Vezina et al. 35 Comhaire et al. 41 studied the effects of a combination therapy of 180 mg day 21 vitamin E and 30 mg day 21 b-carotene on a group of 27 infertile men: ROS production was significantly reduced, although no significant improvements were observed in semen parameters.
Greco et al. 44 reported a significant improvement in 38 men with elevated sperm DNA fragmentation after 2 months of combined therapy with 1 g of vitamin C and 1 g of vitamin E daily: compared with an initial failed intracytoplasmic sperm injection attempt before treatment, clinical pregnancy and implantation rates showed a marked increase after the second attempt.
In 45 performed a trial on 45 asthenozoospermic men who received various combinations of vitamin E, vitamin C and zinc for 3 months, producing a reduction in oxidative stress, sperm apoptosis and sperm DNA fragmentation index. No significant differences were seen between zinc monotherapy and its combination with either or both vitamins.
As previously noted, only four studies found in vivo vitamin E supplementation to have no effect on semen parameters. In 1995, Kessopoulou et al. 28 and Moilanen and Hovatta 29 administered vitamin E 600 mg day 21 for 3 months and 600, 800 or 1200 mg day 21 for 3 weeks, respectively, finding increased concentrations of vitamin E in plasma and semen but no changes in semen parameters. In 1996, Geva et al. 30 conducted a prospective study on 15 antiretroviral therapy patients, in which the administration of 200 mg day 21 for 3 months produced no changes in sperm morphology. Similarly, Rolf et al. 31 found no positive effects after the administration of a combination of vitamins C and E (1000 and 800 mg daily) for 56 days, with no increase in motility, viability, concentration and morphology in any of the 33 asthenozoospermic patients who participated in the study.
Vitamin C Vitamin C is another chain breaking antioxidant whose effects on sperm have been extensively studied since 1982.
In vitro studies. Hughes et al. 38 found that 300 and 600 mmol l 21 of vitamin C protected against H 2 O 2 -induced DNA damage during Percoll preparations, as did 30-60 mmol l 21 of vitamin E (as discussed above), with a paradoxical toxicity resulting from the combination of the two vitamins.
Also in 1998, Verma and Kanwar 34 confirmed the paradoxical ability of vitamin C to increase ROS production, with doses greater than 1000 mmol l 21 resulting in motility loss in vitro, probably due to reactions with catalytic ions. However, at lower doses, a dose-dependent Table 1 An overview of the different antioxidants used (both alone and in combination), the different dosages, the in vivo or in vitro methodology and the different study end points. To be continued
The role of antioxidant therapy in the treatment of male infertility F Lombardo et al 692 effect was observed, with maximum motility achieved after incubation in 800 mmol l 21 for 6 h.
As noted above, the trials conducted by Donnelly et al. 39, 40 in 1999, which used both vitamin C (300 and 600 mmol l 21 ) and vitamin E (40 and 60 mmol l 21 ), and by Sierens et al. 42 in 2002 which used 1-100 mmol l 21 of vitamin E and 100-200 mmol l 21 of vitamin C, found reduced H 2 O 2 -induced ROS production and DNA damage in both normozoospermic and asthenozoospermic samples.
In vivo studies. Abel et al. 50 and Hargreave et al. 51 found no effects of the administration of 200 mg day 21 of vitamin C for 6 months and a lower pregnancy rate compared with other treatments (respectively clomiphene citrate and mesterolone), although no comparison was made between vitamin C and placebo.
As reported above, Rolf et al. 31 found no effects on motility, viability, concentration or morphology in 33 asthenozoospermic patients after 56 days of therapy with 1000 mg of vitamin C and 800 mg of vitamin E. The role of antioxidant therapy in the treatment of male infertility F Lombardo et al 693
The results of other studies in which vitamins C and E were administered in combination have already been discussed. [44] [45] [46] [47] GSH Because of its widely known antioxidant properties, GSH has been investigated as a possible therapy for infertile patients.
In vitro studies. Studies conducted by Griveau and Le Lannou 52 and by Lopes et al. 5 have shown protective effects of 10 mmol l 21 of GSH against DNA damage induced by ROS. 5, 52 Hong et al. 53 and Baker et al. 54 observed preserved tail-beat frequency and the protective effect of 5-10 and 1-10 mmol l 21 GSH in vitro against the impairment of sperm motility by activated polymorphonuclear leukocytes. 53, 54 Parinaud and colleagues 55 studied the effects of Sperm-Fit, an antioxidant solution containing glucose and GSH, on sperm motility. They found that motility was preserved in leukocytospermic samples, thus improving the chance of recovering motile sperm after liquefaction and centrifugation.
In vivo studies. Two trials performed by our group showed that GSH had a positive, statistically significant effect on sperm parameters. The first, conducted in 1993, found that 600 mg of GSH administered every other day for 2 months led to improved motility and morphology in 21 men treated with varicocele or male accessory gland infection. The second, conducted the following year on 10 infertile men with the same characteristics, led to similar results, although a significant increase in sperm concentration was also found.
56,57
NAC NAC is a precursor of GSH and has thus been used as an antioxidant in several studies and trials.
In vitro studies. The most noteworthy studies are those performed by Baker et al., 54 Oeda et al. 58 and Lopes et al., 5 which showed positive effects with varying doses in vitro. Baker et al. 54 observed reduced ROS production and improved motility with doses ranging from 1 to 10 mmol l 21 , whereas Oeda et al. 58 observed preserved motility with doses from 0.1 to 15 mg ml 21 and Lopes et al. 5 found reduced DNA damage with 0.1 mmol l 21 of NAC.
In vivo studies. The three most relevant in vivo studies gave conflicting results: Comhaire et al. 41 found no improvements in sperm parameters after 3 months' administration of NAC 600 mg day
21
; whereas the same dosage seemed to improve sperm motility, volume, viscosity and oxidative status in Ciftci et al. trial 59 in 2009 with 120 infertile men. Finally, in a trial of 468 patients with idiopathic OAT treated for 6 months with 600 mg day 21 of NAC or 200 mg day 21 of selenium or both, an improvement in sperm count, motility and morphology was seen, with additive beneficial effects when both therapies were administered. 60 
Carnitine
The antioxidant action of carnitines protects against lipid peroxidation of lipid membranes, inspiring a large number of in vivo trials evaluating their effect on sperm parameters.
In the trial by Costa and colleagues 61 , 3 g day 21 of L-carnitine was administered to 100 asthenozoospermic men. After 4 months of treatment, a significant improvement was observed in sperm concentration, motility and morphology.
Vicari and Cologero 62 and later Vicari et al. 63 evaluated the effects of 2 g day 21 of carnitine in combination with 1 g day 21 of acetylcarnitine: the first study 62 was performed on 54 men suffering from prostate-vesiculo-epididymitis, while the second 63 involved 98 men with the same condition. In both studies, a significant improvement was reported in sperm motility, viability, leukocytes and ROS production; however, no differences were seen in concentration or morphology.
Lenzi et al., 64 in 2003, found that 2 g day 21 of carnitine for 6 months produced a significant improvement in sperm concentration and motility in 100 patients with OAT, while the following year an increased sperm count and improved motility were found in 56 infertile men after combined daily treatment with carnitine and acetyl-L-carnitine (2 and 1 g, respectively) for 6 months. 65 A study of 219 men with varicocele also reported an increase in sperm concentration and motility and improved morphology after 4 months with the same treatment, although the improvements were less marked in subjects with grade IV or V varicocele. 66 Balercia et al. 67 tested different doses of L-carnitine and acetyl-Lcarnitine (3 g of L-carnitine, 3 g of acetyl-L-carnitine, or 2 g Lcarnitine and 1 g acetyl-L-carnitine daily), reporting increased velocity in 60 asthenozoospermic subjects. In contrast, in 2006 Sigman et al. 68 found no improvements in semen parameters in 26 men diagnosed with asthenozoospermia who underwent 6 months of treatment with L-carnitine and L-acetyl-carnitine with 2 and 1 g day 21 , respectively.
Zinc
Zinc sulphate has been proposed as an infertility treatment, although only a few studies have reported its effects on semen parameters when administered in vivo.
Omu et al. 45, 69 have published two studies in which ZnSO 4 was used: in the first, 500 mg day 21 of ZnSO 4 was administered to 100 asthenozoospermic men for 3 months, and a significant improvement was observed in sperm count, motility and membrane integrity. 69 The second study, published 10 years later, used a combination of drugs and is discussed above. 45 Wong et al. 70 observed an increased sperm count and improved semen concentration in a controlled trial with 103 infertile and 107 fertile men who had taken 5 mg folic acid and 66 mg ZnSO 4 per day for 6 months, either alone or in combination; however, it should be noted that the fertile men did not achieve significant improvements in any of the parameters, most notably concentration.
Pentoxyfilline
In vitro studies have demonstrated that pentoxifylline has a beneficial effect on sperm parameters. Gavella et al. 71 and Gavella and Lipovac 72 found that superoxide anion production was reduced by the addition of 10 mmol l 21 of pentoxifylline, as did McKinney et al. 73 and Okada et al. 74 in their respective studies, albeit with different doses. It should also be stressed that in McKinney's study, 73 reduced lipid peroxidation was observed after the addition of pentoxifylline (dosages from 3.6 to 7.2 mmol l 21 ), and that in Okada's study 74 doses from 1 to 10 mmol l 21 led to preserved motility, due to reduced loss of curvilinear velocity and beat-cross frequency. [71] [72] [73] [74] However, in 1998 Twigg et al. 19 found no improvement in lipid peroxidation after the addition of 3.6 mmol l 21 of pentoxifylline. 75 However, most other studies have reported improvements in numerous parameters after several months of combined therapy with selenium and other antioxidants. Vezina et al. 35 combined selenium and vitamin E, leading to improvements in sperm motility, morphology and viability; however, concentration did not change significantly, as already discussed. In 1998, Scott et al. 76 conducted a trial with 64 men (of whom 46 had previously been diagnosed with OAT and 16 were classified as subfertile), administering selenium alone or in combination with vitamins A, C and E at daily doses of 100 mg, 1 mg, 10 mg and 15 mg respectively. No improvement was observed in sperm concentration after 3 months, although motility was increased in treated subjects.
As already described, the trials conducted by Keskes-Ammar et al. in 2003 and by Safarinejad and Safarinejad 60 in 2009 used a combination therapy-selenium and vitamin E in the former and selenium and NAC in the latter-which led to increased motility in both studies and to an improvement in sperm count and morphology in the latter.
Superoxide dismutase (SOD)
There is some consensus on the beneficial effects of SOD on lipid peroxidation in vitro: several studies, published between 1991 and 1998, 5, 52, 77, 78 reported improved motility and reduced lipid peroxidation in samples dosed with between 87.7 and 500 IU ml 21 of SOD. Similarly, in 1992 Kovalski et al. 79 found that the addition of 1 mg ml 21 of SOD preserved motility. However, Twigg et al. 19 did not find any reduction in lipid peroxidation after the addition of between 100 and 500 IU ml 21 SOD.
Other compounds
Several other drugs have been tested, in combination or alone, for their effects on sperm parameters or lipid peroxidation. In vitro studies led to the discovery of the positive effects of catalase in doses from 0.008 to 0.1 mg ml 21 or from 50 to 2000 IU ml 21 on motility, peroxidation and DNA damage. 5, 52, 79 However, Twigg and colleagues 19 found that the addition of 250, 500 or 2000 IU ml 21 of catalase to sperm samples had no effect on lipid peroxidation. In the same study, no improvement was seen in lipid peroxidation after the addition of albumin at a dose of 0.3%-10%.
Lewin and Lavon 80 used coenzyme Q10 both in vivo and in vitro: the addition of 50 mmol l 21 in vitro resulted in a significant improvement in motility, whereas in vivo administration of 60 mg day 21 for 3.5 months (103 days) led to an increase in the fertilisation rate but had no effect on motility, morphology or concentration in 17 patients with low fertilisation rates after in vitro fertilisation with intracytoplasmic sperm injection for male factor infertility. An interesting in vivo study of 60 patients with idiopathic asthenozoospermia who received either placebo or 200 mg day 21 of coenzyme Q10 demonstrated significant improvement in motility after 6 months of treatment; this improvement was markedly reduced after a washout period of 3 months in treated subjects. 81 Comhaire and colleagues 82 reported a study where 30 subfertile men were administered 16 mg day 21 of astaxanthin, a carotenoid that is not converted to vitamin A in humans, for 3 months. No significant improvements in concentration, motility, morphology or volume were seen in the 11 treated men compared with the 19 control patients.
Wong et al. 70 found that in vivo administration of folic acid, either alone or in combination with zinc sulphate (5 and 66 mg day 21 respectively), led to improved sperm concentration and count in their previously discussed controlled trial. However, the results were significant only for the 103 infertile men recruited for the study, whereas the 107 fertile men included did not undergo any improvement in sperm parameters.
DISCUSSION
Although numerous trials on the effects of antioxidants have been published in the last two decades, only a few have produced valuable, noteworthy results. However, even among these, the results are often contradictory and refer to small groups of individuals whose characteristics are often different, ranging from men with varicocele to those with OAT.
As already mentioned, small amounts of ROS are required for capacitation and the acrosome reaction. Paradoxically, a significant reduction in their concentration through the use of antioxidants might therefore have a negative effect on fertility. Similarly, an improvement in semen parameters does not necessarily translate into an increase in fertility, as individuals with normal sperm concentration, motility, viability and morphology might still be subfertile.
For these reasons, the primary outcome of any study should be pregnancy rate. However, only a few of the studies in this review evaluated this outcome, and no definitive answers have yet emerged from these trials. Fifteen in vivo studies 31, 36, 41, 47, 50, 51, [62] [63] [64] [65] [66] [67] 69, 76, 82 included pregnancy rate among the end points measured; in two of these studies, a higher pregnancy rate was achieved, but was not statistically significant. 47, 76 In another two studies, the pregnancy rate was lower in the antioxidant-treated group than in the control group, although the comparison was against clomiphene citrate or mesterolone rather than placebo. 50, 51 In yet another two studies, no effect was observed on pregnancy rate, and in all of the remaining trials, a statistically significant increase in pregnancy rate was observed. 31, 67 In four of the studies showing increased pregnancy rates, there was an improvement in at least one sperm parameter and improved motility was observed in all parameters. 36, 65, 66, 69 An improved fertility rate was observed after the addition of antioxidants, most notably vitamins A and E and carnitine; in men with low selenium status, the addition of selenium increased the pregnancy rate in their partners.
The clinical heterogeneity of the results, the different drugs used and the doses administered, together with the small numbers of subjects recruited, all contribute to the lack of concrete evidence. The improvement in sperm parameters resulting from antioxidant therapy may result in a higher pregnancy rate, but this is not consistent and the possibility of negative effects on sperm DNA, capacitation and the acrosome reaction should be carefully evaluated. Furthermore, not all individuals are equally eligible for antioxidant therapy, and not all are likely to benefit in the same way from the same treatment.
Further studies on this topic should address specific groups of subjects, preferably on a large scale, with strict inclusion and exclusion criteria, following the same treatment or treatments and with adequate follow-up. Firm recommendations for antioxidant therapy should be formulated after evaluating the effects of standardized doses in large randomized controlled trials, to establish if a given therapy is more likely to increase pregnancy rates in the partners of specific groups of infertile men.
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